Synapse formation is a fundamental process in neurons that occurs throughout development, maturity, and aging. Although these stages contain disparate and fluctuating numbers of mature neurons, tactics employed by neuronal networks to modulate synapse number as a function of neuronal density are not well understood. The goal of this study was to utilize an in vitro model to assess the influence of cell density and neuronal maturity on synapse number and distribution. Specifically, cerebral cortical neurons were plated in planar culture at densities ranging from 10 to 5000 neurons/mm 2 , and synapse number and distribution were evaluated via immunocytochemistry over 21 days in vitro (DIV). High-resolution confocal microscopy revealed an elaborate threedimensional distribution of neurites and synapses across the heights of high-density neuronal networks by 21 DIV, which were up to 18 μm thick, demonstrating the complex degree of spatial interactions even in planar high-density cultures. At 7 DIV, the mean number of synapses per neuron was less than 5, and this did not vary as a function of neuronal density. However, by 21 DIV, the number of synapses per neuron had jumped 30-to 80-fold, and the synapse-to-neuron ratio was greatest at lower neuronal densities 
Introduction
Synapses are the fundamental units of interneuronal communication, and the formation and maintenance of these relays are crucial elements of neuronal function. Synaptogenesis occurs throughout the entire life span of an organism, including during development, at maturity, and with age (Eastwood et al., 1994 (Eastwood et al., , 2006 Martin-Pena et al., 2006) . Moreover, these stages contain vastly different and continuously evolving numbers of mature neurons (Paizanis et al., 2007; Pakkenberg et al., 2003; Seeger et al., 2005) . For instance, development of the nervous system involves significant neuronal loss, and this developmental pruning is accompanied by an increase in synaptogenesis (Oppenheim, 1991; Waimey and Cheng, 2006) . Human aging involves further neuronal loss, and although the overall loss in the human cerebral cortex may be as little at 10% (Pakkenberg et al., 2003) , this phase is also characterized by synaptic plasticity (Waimey and Cheng, 2006) . In addition, there are differences in neuronal and synaptic density across species that may provide insight into relationships between these parameters. For example, although the mature human cerebral cortex has one-fifth the neuronal density as found in the mouse, there is at least two times the number of synapses per neuron (DeFelipe et al., 2002) . Thus, the observed decreases in neuronal density with aging and across species appear to correlate with increases in the number of synapses per neuron; however, it is not clear whether this increase in the synapse-to-neuron ratio is an adaptive response based on decreased neuronal density or a preprogrammed function occurring independent of changes in neuronal density.
In addition, neural cell culture models have become invaluable in characterizing neuron behavior in a simplified, highly controlled setting, and thus are in widespread use. In these settings, cell density is often established based on experimental objectives. For example, low-density cultures may be used to evaluate dendritic spines or to visualize neurite outgrowth over long distances, whereas high-density cultures are often used for electrical interface via multielectrode arrays. However, the importance of neuronal density on development and function in vitro has previously been noted. For instance, using multielectrode arrays, neuronal cultures were shown to exhibit varying levels of electrical bursting dependent on plating density; neurons plated at a higher density (2500 cells/mm 2 ) exhibited higher levels of electrical bursting than sparser cultures (600 cells/mm 2 ) (Wagenaar et al., 2006) . In addition, plating density may influence the rate of neuronal maturation, as population-based bursting was initially recorded at an earlier day in vitro (DIV) in cultures plated at higher density versus lower density (Wagenaar et al., 2006) . In another culture system, highdensity rat hippocampal neuronal cultures exhibited greater neurite extension than lower-density cultures, suggesting that contact between cells influences neurite outgrowth (van den Pol et al., 1998) . In addition, at very early culture time points (3-4 DIV), higher-density neuronal cultures exhibited a three-fold increase in synapse formation than low-density cultures, implicating the distance that axons/dendrites must traverse to reach a target in the rate of synaptogenesis in vitro (van den Pol et al., 1998) . While these studies provide evidence that neuronal density influences network electrophysiological behavior and initial synaptogenesis, the influence of neuronal density on the number of synapses per neuron in immature versus mature cultures has not been studied. In these low-density cultures, evidence of robust neuritogenesis and active network development can be seen at this time point. Electron micrographs of low-density neuronal culture at 7 DIV (I-K). Perspective view of a large neuronal projection with neuritic contacts at regular intervals (arrows), representing points of potential synapses (I) (scale bar = 2 μm). Top view of neuron showing neuritic growth over the somatic surface (J) (scale bar = 2 μm). Expanded view of soma showing neurites growing over surface with intimate contact points representing potential synaptic junctures (K) (blown up view of boxed region in (I); scale bar = 200 nm).
Accordingly, the goal of this study was to utilize an in vitro model to assess the influence of neuronal density and maturity on the number and distribution of synapses. Cerebral cortical neurons were plated in planar culture at densities ranging from 10 to 5000 neurons/mm 2 and neuronal and synaptic densities were evaluated over 21 DIV. The higher end of this density range approaches the neuron-to-neuron spacing found in specific layers in the cerebral cortex. In addition, higher neuronal densities correspond to decreased interneuronal distances and increased number of potential synaptic contacts in intimate proximity. Therefore, we hypothesized that in mature neuronal cultures, the number of synapses per neuron would increase with increasing neuronal density. Overall, we sought to determine whether inherent organizational principles dictated neuronal responses to various density environments that, in turn, directly influenced synapse formation and maintenance.
Results

Neuronal culture development, survival, and functionality
Cultures generated using cortical neurons extended multiple neurites per neuron with increasing neurite outgrowth over the first week in culture. Neurons formed an interconnected network by 8 DIV (Figs. 1A-C) . At this time point, signs of neuritogenesis and neuritic spines were evident, indicating continued neurite outgrowth and further network development (Figs. 1E-H). Indeed, neuritic density increased substantially out to 14 DIV (Fig. 1D ). In addition, neuronal morphology and the spatial distribution of cell-cell interactions were qualitatively assessed through low-voltage, high-resolution SEM. This analysis revealed neuritic-neuritic and neuritic-somatic junctures, representing sites of potential synapses (Figs. 1I-K). From 7 to 21 DIV, culture viability significantly decreased from 88.1 ± 2.8% to 65.0 ± 6.3% (p < 0.05), indicating a degree of network pruning as the neuronal cultures matured. Moreover, dead cells typically presented as extremely condensed nuclei, permitting accurate morphological identification.
Fluorescent immunocytochemistry and confocal microscopy revealed tau + cells presenting synapsin staining distributed in discrete puncta along processes and somata ( Figs. 2A-C ). This distribution of presynaptic terminals colocalized with tau + neurites suggests the presence of active synapses (Fletcher et al., 1991; Hartley et al., 1999; O'Shaughnessy et al., 2003) . In addition, whole-cell patch clamp recording demonstrated that neurons in culture exhibited excitable membrane properties including spontaneous and evoked action potentials (Fig. 2D ).
Neurons were observed to have typical resting membrane potentials. There was also evidence of probable inhibitory and excitatory postsynaptic potentials (Fig. 2D) ). Longerterm neuronal survival was poor in these extremely low-density cultures, thus cultures at these densities were not evaluated out 7 and 21 DIV in cultures across a range of neuronal densities. Representative confocal micrographs following immunocytochemistry for tau (red) with nuclear counterstain at 7 DIV (A) and 21 DIV (B) (scale bar = 10 μm). The neuronal presence did not vary significantly as a function of density at either 7 DIV (C) or 21 DIV (D); however, there was a significant decrease in the neuronal presence at 21 DIV compared to 7 DIV (p < 0.05). The neuronal density of each micrograph is denoted by the white arrows in (A) and (B) pointing to the x axes of (C) and (D), respectively. Example of an extremely low-density neuronal culture at 7 DIV (E) immunolabeled for tau (red) with nuclear counterstain (blue), demonstrating robust neurite outgrowth and typical morphology even under these culture conditions (scale bar = 20 μm). The growth of extremely low-density neuronal cultures is challenging, and data from such are often confounded by suboptimal health of the neurons.
to 21 DIV. The decrease in neuronal presence from 7 to 21 DIV occurred with a concomitant increase in astroglial presence (data not shown). However, this astroglial presence was equivalent across plating densities, potentially making the influence of this factor consistent across different plating densities.
Three-dimensional synaptic distribution in mature neuronal cultures
High-resolution confocal microscopy revealed an elaborate three-dimensional distribution of neurites and synapses across the heights of high-density neuronal networks by 21 DIV. Fig. 4 -Synaptic distribution at 21 DIV. Synapses were distributed across the height of the planar cultures at 21 DIV, as assessed by high-resolution confocal microscopy following immunocytochemistry for synapsin (green), tau (red), with nuclear counterstain (blue). Representative confocal micrographs with the height from the culture substrate denoted in the upper right-hand corner of each image (A-C). There were stark morphological and potentially voluminous differences between neurons in high-density (A) versus low-density (B-C) culture which corresponded to a >2-fold increase in culture thickness in high-density culture. This three-dimensional synaptic distribution, even in planar cultures, consisted of hundreds of synapses per neuron and demonstrated the complexity of the neuronal networks formed in culture. Scale bars= 10 μm.
Individual synapses were observed at discrete planes across the z-dimension of the cultures in both high-and low-density cultures at this time point (Fig. 4) . The thickness of high-density cultures (3000-4500 neurons/mm 2 ) was 14.0± 2.5 μm (range=11-18 μm). Interestingly, the overall culture thickness of lowdensity cultures (< 500 neurons/mm 2 ) was 6.3 ± 2.1 μm (range = 4-10 μm), less than half of that in the high-density cultures (p < 0.001). Moreover, neuronal somata in these lowdensity cultures had a much flatter morphology than neurons in high-density cultures. This analysis demonstrated the complex degree of spatial interactions present even in planar cultures that must be accounted for to accurately quantify synapses across the heights of these cultures.
Synapse number depends on both DIV and plating density
At 21 DIV, there was a considerable increase in the number of synapsin + puncta compared to 7 DIV (Fig. 5) . At 7 DIV, the number of synapsin + puncta per area increased in a linear manner with increasing neuronal density (R 2 =0.92), indicating that the number of synapses in culture increases with cell density (Fig. 6) . However, the number of synapses per neuron did not vary based on neuronal density at this time point (Fig. 6) . Specifically, at 7 DIV, there were no significant differences in the synapse-to-neuron ratio based on the various ranges of neuronal densities, with an overall mean of 4.6± 1.2 synapses/neuron. At 21 DIV, the number of synapsin + puncta per area increased approximately linearly with increasing neuronal density (R 2 = 0.54), although there was substantial variability (Fig. 7) .
However, the number of synapses per neuron decreased nonlinearly based on neuronal density at this time point (Fig. 7) . At 21 DIV, the number of synapses per neuron was greatest at lower neuronal densities (<500 neurons/mm 2 ; 387.7± 144.6 synapses/neuron) compared to mid and higher neuronal densities (500-4500 neurons/mm 2 ; 157.1 ± 69.0 synapses/neuron) (p < 0.05). There was considerable variability (63-569 synapses/ neuron) over the different neuronal densities evaluated at 21 DIV. Overall, from 7 to 21 DIV, the number of synapses per neuron increased 80-fold in low-density cultures and 30-fold in mid-and high-density cultures (p < 0.001).
Discussion
We evaluated the influence of neuronal density, and hence total neuronal number and interneuronal spacing, on synapse formation in developing and mature neuronal cultures. We utilized an in vitro model of cortical neurons in planar culture and analyzed the number of synapses based on immunolocalization of synapsin + puncta across varying neuronal densities. We made observations supporting that these synapsin + puncta represent functional synapses between neurons in these cultures. These observations include (1) network connectivity: extensive neurite outgrowth with identifiable neuritic-neuritic and neuritic-somatic junctures; (2) neuronal maturation: the expression of mature isoforms of neuron-specific cytoskeletal proteins; (3) synaptic distribution: synaptic marker distributed in discrete puncta along neurites/somata positive for a neuronal marker; and (4) electrophysiological parameters: excitable membrane properties including the generation of spontaneous and evoked action potentials and evidence of synaptic potentials. A standard methodology to quantify synapses involves the utilization of transmission electron microscopy with the morphological identification of presynaptic terminals with appropriate vesicle levels/distributions and the presence of an opposing postsynaptic specialization. Although this methodology may be suitable to assess the efficacy of synapses, it may have inherent inaccuracies when quantifying the total number of synapses in our system due to variations in culture thickness based on neuronal density and the inhomogeneous synaptic distribution across the heights of these cultures. Therefore, we chose to quantify synapses based on the identification of synapsin + puncta using high-resolution full-thickness confocal microscopy scans (thus sampling across x and y with quantification across z). Using this methodology, we assessed the synapse-to-neuron ratio and distribution of synapses based on immunoreactivity for synapsin I. In the brain, it has been demonstrated that virtually all synapses contain synapsin I, with the only exceptions being neurons in highly specialized regions (De Camilli et al., 1983; Mandell et al., 1992; Moore and Bernstein, 1989; Stone et al., 1994) . This finding was extended using hippocampal neurons in vitro, where it was demonstrated that in mature cultures, synapsin I distributed in discrete puncta was restricted to axonal varicosities containing large clusters of vesicles which were in intimate contact with opposing neuronal somata or dendrites, requisite properties of presynaptic specializations (Fletcher et al., 1991) . Conversely, this same study demonstrated that synapsin I distribution was not a reliable indicator of synapses early in culture development, when neurites had yet to reach a target, as synapsin staining was distributed granularly and did not correlate with focal accumulation of vesicles. Thus, previous evidence supports that, in mature neuronal cultures, synapsin I distributed in discrete puncta in axons terminating at identifiable neuritic or somatic junctures is a reliable marker of pre-synaptic specializations in most cases.
In the current study, we observed presynaptic terminals aligned with tau + neurites/somata at both 7 and 21 DIV across all neuronal densities evaluated. At 7 DIV, the density of these synapsin + puncta was significantly greater in high-density cultures than low-density cultures; however, the number of synapsin + puncta per neuron did not vary with neuronal density. In mature cultures (21 DIV), the synapse-to-neuron ratio had increased 80-fold in low-density cultures and increased 30-fold in mid-and high-density cultures compared to immature cultures. At 21 DIV, the density of synapsin + puncta increased with neuronal density, but the number of synapses per neuron decreased with increasing neuronal density before leveling off at higher neuronal densities. We originally hypothesized that in mature neuronal cultures, the synapses-toneuron ratio would increase with increasing neuronal density. However, based on these results, we were compelled to reject this hypothesis. Our data demonstrate an inverse relationship between neuronal density and the ratio of synapses-to-neurons, although this trend levels off at the highest densities evaluated. Thus, developing neuronal populations in planar culture in vitro appear to recapitulate the inverse relationship between synapse-to-neuron ratio and neuronal density that has been reported in some cases in vivo (DeFelipe et al., 2002; Oppenheim, 1991; Waimey and Cheng, 2006) . In addition, these general trends have been reported in mature and aged neuronal cultures, where neuronal density decreased over weeks in culture while synaptic density or synaptic marker levels remained constant (Ichikawa et al., 1993; Lesuisse and Martin, 2002) . It should be noted that the higher cell densities evaluated in the current study represent the highest cell densities attainable in planar culture. In future work, these studies may be expanded to include three-dimensional (3-D) neuronal cultures capable of providing a neuronal density and distribution more similar to that found in vivo (Cullen et al., 2007c; Vukasinovic et al., 2009 ). Using these 3-D engineered systems, the effects of cellular constituents (Cullen et al., 2007b; Irons et al., 2008) , extracellular matrix composition (Cullen et al., 2007a) , or traumatic loading (Cullen and LaPlaca, 2006; LaPlaca et al., 2005) on synaptogenesis may systematically be evaluated. In contrast to conventional wisdom that more neurons in culture will translate into more synaptic partners per neuron, we found that the synapse-to-neuron ratio progressed independently of neuronal density in immature cultures but was enhanced in low-density mature cultures. In a seminal study by Fletcher et al. (1994) , the effects of neuronal plating density on synaptic density was directly investigated using hippocampal neurons, revealing more synapses per cell at higher cell densities. However, in addition to methodological differences related to neuronal culture conditions and initial plating densities, the analysis in this study was completed at 7 DIV. Hence, their longest time point was still based on neuronal cultures not considered fully mature. The idea that there will be more synapses per neuron at higher plating densities in mature cultures may be partly based on an extrapolation from the finding of Fletcher et al.; however, it is noteworthy that our finding challenges this extrapolation, not the validity of their original findings. This underscores the importance of DIV, and hence neuronal "maturation," in examining synapse formation, maintenance, and efficacy. The continuum transition from an immature to a mature neuronal phenotype is marked by established cellular polarity and electrochemical activity (i.e., synaptic communication). These events coincide with the widespread expression of mature isoforms of structural proteins as opposed developmental (immature) isoforms (Steinschneider et al., 1996) . In addition, in immature neurons, GABA currents are excitatory, but later transition to become inhibitory (Ben-Ari et al., 1994; Cancedda et al., 2007; Chen et al., 1996; Deng et al., 2007; Ouardouz and Sastry, 2005) . In particular, we choose 7 DIV as our early experimental time point as these neurons have a rich degree of axonal-dendritic and axonal-somatic connectivity, yet are still considered immature (e.g., GABA currents are not yet inhibitory, cytoskeletal proteins are lighter isoforms, etc.). However, by approximately 14 DIV, neurons are typically considered mature, thus our 21 DIV time point represented mature cultures. At these discrete time points, we quantified the number of neurons (tau + cells) and the number of synapses (synapsin + puncta) for a region-of-interest, thus the calculated synapse-to-neuron ratio was a composite representation for a particular observed region rather than the precise number of synapses made by a particular neuron. Other methodologies that only evaluate synaptic density based on the desired cell plating density may fail to account for local variation in neuronal density and changes in neuronal density due to network pruning. Thus, these approaches fail to normalize based on relevant culture alterations and may not accurately capture potential changes in neuronal response based on culture density and maturity. Factors other than neuronal density and maturation may influence the interpretation of the current study, such as astroglial presence and neurotrophin concentrations. Neurons in culture form functional synapses when grown with or without astrocytic support, but changes in astroglial presence have been shown to affect synapse formation and density (Boehler et al., 2007; Hartley et al., 1999 ). In our current experiment, we had only a modest astrocytic presence; however, previous work in our lab has shown that cortical neurons in coculture with astrocytes (1:1 plating ratio) result in a >2-fold increase in the synapse-to-neuron ratio at matched neuronal densities and DIV as used in the current study (data not shown). Moreover, the effects of astrocytic presence on synaptogenesis may be evaluated within 3-D matrices (Irons et al., 2008) . In addition to influencing interneuronal distances and the number of synaptic partners in close contact, neuronal density also influences trophic factor concentrations and availability (van den Pol et al., 1998) . Neurotrophic factors are involved in regulation of survival, neurite outgrowth, and synapse formation/plasticity in developing as well as mature neuronal networks (Oppenheim, 1991; Sayer et al., 2002; Waimey and Cheng, 2006) . Although we focused on the influence of neuronal density on synapse formation in predominantly neuronal populations, thus varying the degree of neuron-neuron contact and interneuronal spacing, the influences of astroglial support and neurotrophin concentrations should also be noted.
The results of this study may be applicable to models of development and aging since both the central and peripheral nervous systems exhibit changes in neuron number and maturity with increasing age (Oppenheim, 1991) . Development of the nervous system involves significant neuronal and axonal loss, which occurs during and following phenotypic differentiation of defined neuronal populations, and this developmental pruning is accompanied by an increase in synaptogenesis (Oppenheim, 1991; Waimey and Cheng, 2006) . Also, there is a link between synaptic activity and neuronal death, as the suppression of synaptic transmission during neural development was found to reduce neuron death, and conversely, increased synaptic activity increased the rate of neuronal death (Oppenheim, 1991) . Organisms must utilize different strategies to cope with neuronal loss throughout the life span. For instance, human aging involves neuronal death; there are reports of up to nearly 50% loss of neurons in various regions of the brain by age 60 (Cabello et al., 2002) ; however, overall neuronal loss in the human cerebral cortex may be as little at 10% (Pakkenberg et al., 2003) . This type of neuronal loss is also characterized by synaptic plasticity, which may serve to maintain functionality by increasing the number of synapses per neuron (Waimey and Cheng, 2006) . In addition, in the mouse somatosensory cortex (layers II/III) of neonates compared to adults, there was a 35% reduction in neuronal density concomitant with a five-fold increase in the synaptic density. This resulted in less than 250 synapses per neuron in high-density immature brains but close to 5000 synapses per neuron in low-density mature brains, approximately a 20-fold increase (Seeger et al., 2005) . Long-term neuronal culture may provide a platform to analyze changes in the synapse-to-neuron as a function of neuronal aging (Lesuisse and Martin, 2002) .
Interestingly, species-specific differences in synapse-toneuron ratio correlate with changes in neuronal density. For instance, the neuronal densities in mature human versus mouse cerebral cortices were reported to be approximately 25,000 neurons/mm 3 and 120,000 neurons/mm 3 , respectively; however, this nearly five-fold increase in neuronal density between humans and mice was accompanied by over a 50% reduction in the number of synapses/neuron (DeFelipe et al., 2002) . Thus, although humans have decreased neuronal densities, there are increased numbers of synapses per neuron compared to mice. Reduced in vitro models may lend insight into environmental parameters that result in changes in the number of synapses per neuron, a potential compensatory mechanism employed by neuronal networks to deal with low neuronal densities.
Previous reports have noted the influence of neuronal density on ensemble electrophysiological behavior and early synaptogenesis and neurite outgrowth. In immature developing neuronal cultures (3-4 DIV), neurite outgrowth was enhanced (based on neurite length and growth rate) in higher density compared to low-density cultures, specifically implicating neuron-neuron contact (i.e., increased availability of membrane surface area for axonal guidance) in this enhanced neurite outgrowth (van den Pol et al., 1998) . These neuronal cultures exhibited GABA and glutamate release, indicative of synaptogenesis, after 3-4 DIV in high-density cultures but not in lowdensity cultures at this time point (van den Pol et al., 1998) . Enhanced neurite outgrowth in higher density cultures was thought to increase the probability of synapse formation and thus explained the finding that the total synapses in these cultures increased with neuronal density at this early time point. Thus, the distance an axon must grow to find a postsynaptic partner plays a substantial role in the timing of synapse formation, although based on the results of the current study, these differences appear to be overcome on a per-neuron basis by 7 DIV and indeed are maintained out to 21 DIV. In addition, neuronal cultures were shown to exhibit varying levels of population-based electrical bursting depending on plating density, with more bursting found in higher-density cultures and at an earlier time point (Wagenaar et al., 2006) . Taken together, these results suggest that high-density neuronal cultures may mature faster, which may influence the rate of synaptogenesis and synaptic maintenance/plasticity.
Future extensions of this work may determine whether increased synaptic input (via multielectrode arrays or exogenous neurotransmitter stimulation) influences neuronal pruning and/or the changes in the synapse-to-neuron ratio observed to develop over 7 to 21 DIV. Moreover, previous reports from the in vivo cerebral cortex have noted that (1) increased soma size/ volume correlates with increased dendritic complexity and axonal enlargement and (2) that the number of synaptic sites remains fairly constant along dendrites and axons (GutierrezOspina et al., 2004; Seeger et al., 2005) . Thus, an interesting future extension of this work would be to evaluate whether in vitro neuronal networks recapitulate these relationships by quantifying whether larger neuronal somata with increased arborization are found in lower-density versus higher-density cultures. In addition, the effects of neuronal density on the synapse-to-neuron ratio for particular broad neuronal subtypes (e.g., pyramidal vs. nonpyramidal, inhibitory vs. excitatory) would be interesting, as differential responses may be observed across subtypes.
In summary, this work evaluated mechanisms employed by developing neuronal networks to respond to varying neuronal densities by modulating the number of synapses per neuron. Our findings suggest that neuronal populations inherently respond to low neuronal density environments by increasing the number of synapses per neuron. The influence of neuronal density on inherent self-organizational properties such as synapse formation and network development has implications for the in vitro study of neurobiological phenomena and is critical to the accurate application and interpretation of such reduced models. Moreover, these inherent neuronal properties may have implications in the neurobiology of development and aging as well as responses to neurotrauma or neurodegenerative disorders.
4.
Experimental procedures 4.1.
Cell culture
All procedures involving animals were approved by the Institutional Animal Care and Use Committee of the Georgia Institute of Technology and followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 86-23; revised 1985) . Cerebral cortices were isolated from embryonic day 18 rat fetuses (Sprague-Dawley; Charles River, Wilmington, MA), digested in trypsin (0.25%)+1 mM EDTA (Invitrogen, Carlsbad, CA), and separated using a flame-narrowed Pasteur pipette as described previously (Cullen and LaPlaca, 2006) . Following centrifugation (100 ×g), the cells were suspended in a defined medium (Neurobasal + 2% B-27+ 500 μM L-glutamine (Invitrogen)). The resulting single-cell neuronal suspensions were plated at densities ranging from 10 to 5000 cells/mm 2 on glass slides pretreated with poly-L-lysine (0.05 mg/mL; SigmaAldrich, St. Louis, MO). This procedure yields a nearly pure neuronal population with <1% astroglial presence (Brewer et al., 1993; Brewer, 1995) . Cultures were maintained at 37°C and 5% CO 2 -95% humidified air, and the medium was replaced at 24 hours and every 2 days thereafter.
Cell staining
Culture viability was assessed by incubation with markers of live (calcein AM; 2 μM) and dead/dying cells (ethidium homodimer-1 (EthD-1); 4 μM) (Molecular Probes, Eugene, OR) at 37°C for 30 min and then rinsed with 0.1 M Dulbecco's phosphate-buffered saline (DPBS; Invitrogen). For immunocytochemistry, cultures were fixed in 3.7% formaldehyde (Fisher, Fairlawn, NJ) for 30 min, rinsed in PBS and permeabilized using 0.3% Triton X-100 plus 4% goat serum (Invitrogen) for 20 min. Primary antibodies were added (in PBS+4% serum) at 37°C for 4 hours. After rinsing, secondary fluorophore-conjugated antibodies (Alexa 488-or 546-conjugated IgG; Molecular Probes) in PBS plus 4% serum were added at 18-24°C for 2 hours. Cultures were immunolabeled with primary antibodies recognizing tau-5, a microtubule-associated protein expressed primarily in neurons (Binder et al., 1985; Goedert et al., 1991) (MS247P, 1:200; NeoMarkers, Fremont, CA) and synapsin I, a synaptic vesicle protein localized in presynaptic specializations (Fletcher et al., 1991 ) (A6442, 1:200; Molecular Probes). Nuclear counterstaining was performed using Hoechst 33258 (1:1000; Molecular Probes). For scanning electron microscopy (SEM), cultures were fixed using 2.5% EM-grade glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4°C for 24 hours, washed in di-H 2 O, and then postfixed with 1% OsO 4 in 0.1 M cacodylate buffer (pH 7.4) for 1 hour followed by several rinses. Cultures were dehydrated using ethanol (30, 50, 70, 3×100%, 15 min each) and wrapped in parafilm, and a critical point dryer (Polaron E-3000) was used for CO 2 exchange, phase transition, and subsequent release. Specimens were sputter coated with 3 nm of chromium before SEM.
Whole-cell patch clamp
For patch clamp recordings, borosilicate glass electrodes with filaments (external diameter 1.5 mm; inner diameter 0.75 mm; Sutter Instruments, Novato, CA) were pulled on a laser puller (P-2000; Sutter Instruments) with a 7-10 MΩ resistance. Electrodes were back-filled with internal solution (140 mM K-gluconate, 10 mM HEPES, 5 mM KCl, 0.1 mM K-EGTA, pH 7.3; 315-325 mOsm). The external solution was artificial cerebral spinal fluid (aCSF) containing 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgCl 2 , 2.5 mM CaCl 2 , 1 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , and 11 mM glucose (pH 7.4 by continuously bubbling with CO 2 /O 2 (95:5) mixture; 320 mOsm) made daily and gravity perfused at 1-2 mL/ min. An AxoPatch 1D (Axon Instruments) amplifier, a Digidata acquisition card, and a WinWCP software were used for data acquisition, recording, and stimulating. Recordings were displayed on Tektronix Oscilloscopes (TDS 3014B and 7603) and analyzed offline in WinWCP and Igor Pro (WaveMetrics).
Microscopy and data collection
Cells were imaged using phase-contrast or fluorescent microscopy techniques on an epifluorescent microscope (Eclipse TE300; Nikon, Melville, NY) with images digitally captured (DKC5T5/DMC; Sony, Tokyo, Japan) and analyzed with ImagePro Plus (Media Cybernetics, Silver Spring, MD). Alternatively, cells were fluorescently imaged using a confocal laser scanning microscope (LSM 510; Zeiss, Oberkochen, Germany), with scans acquired across the full thickness of cultures and analyzed using LSM Image Browser (Zeiss). High-resolution confocal microscopy was utilized to quantify the neuronal presence and the number of synapsin + puncta. The neuronal presence (%) and neuronal density (#/mm ) was determined by quantifying synapsin + puncta across the thickness of the cultures. Specifically, in mid-and high-density cultures with synapsin + puncta at overlapping x-y coordinates, multiple regions were subsampled across the z space. This was performed across the entire thickness of the region, with 2-3 μm plane-to-plane separation to ensure quantification of unique synapses. The number of synapses per neuron was calculated by dividing the density of synapsin + puncta with the density of tau + cells.
Experimental design and statistical analyses
Culture viability (%) was assessed in cultures plated at 1250-2500 cells/mm 2 at 7-8 DIV and 21 DIV by quantifying live cells ) were assessed, and the number of synapses (#/mm 2 ) was determined by quantifying synapsin + puncta (n =11 and n = 19 cultures, respectively; 2-4 observations per culture). Regression analyses were used for best-fit to data at 7 and 21 DIV. To evaluate the influence of within-culture variations (based on neuronal density) on local synapse formation, neuronal density was isolated as the independent variable, and data were evaluated across within-culture observations (thus absorbing culture-to-culture variability). In addition, Student's t-tests were used for data groups combined based on density or DIV (p < 0.05 required for significance). Data are presented as mean ± standard deviation.
